We explore a planar GaAs/AlAs photonic microcavity using pump-probe spectroscopy. Free carriers are excited in the GaAs with short pump pulses. The time-resolved reflectivity is spectrally resolved short probe pulses. We show experimentally that the cavity resonance and its width depend on the dynamic refractive index of both the λ-slab and the λ/4 GaAs mirrors. We clearly observe a double exponential relaxation of both the the cavity resonance and its width, which is due to the different recombination timescales in the λ-slab and the mirrors. In particular, the relaxation time due to the GaAs mirrors approaches the photon storage time of the cavity, a regime for which nonlinear effects have been predicted. The strongly non-single exponential behavior of the resonance and the width is in excellent agreement to a transfer-matrix model taking into account two recombination times. The change in width leads to a change in reflectivity modulation depth.
I. INTRODUCTION
becomes especially interesting when the photon storage time τ ph becomes comparable to the timescales on which the cavity resonance changes [6] . In this regime, strong pulse chirping and frequency conversion effects have been observed [7, 8] .
The availability of strong, short pulses, the good reproducibility, and the possibility of integration in all-optical networks has furthered the popularity of free-carrier switching of resonators or cavities, see, e.g., Refs. [3, 9, 10] . The dispersion of these carriers result in a change of both real (n ′ ) and imaginary (n ′′ ) part of the refractive index that is proportional to the induced carrier density N. The carriers recombine within a typical timescale ranging from ps to ns, and the cavity resonance relaxes to its unswitched value. Surprisingly, these relaxation and broadening mechanisms have hardly been discussed, mostly due to the lack of frequency-and time-resolved data. While other groups have limited their studies to either the reflectivity at two frequencies [3, [11] [12] [13] [14] or to the reflectivity at two probe delays [15] , we present here a systematic study at all frequencies and delays which allows us to investigate the dynamic resonance and lineshape. In our earlier contribution, insufficient spectral resolution had prevented us from investigating these broadening mechanisms [9] .
Here, we study both the dynamic shifting and broadening of a cavity resonance by performing time-and frequency resolved pump-probe spectroscopy on a planar GaAs/AlAs microcavity, with a frequency resolution much higher than the dynamic cavity linewidth.
The most general cavity is a slab of a dielectric, bounded by two mirrors, see Fig. 1 
(a).
This well-known Fabry-Pérot cavity serves as the basis for the understanding of 1-, 2-and 3D
cavities [16] . Many important physical properties, such as storage time, bandwidth, mode volume and reflectivity depend on the optical properties of both the slab and the mirrors, and can be calculated analytically for such a model system [17] . Therefore, to obtain a physical understanding of switching of advanced photonic crystal micro-and nanocavities, it is advantageous to consider first the Fabry-Pérot cavity. One of such processes is switching by exciting free carriers in the mirrors and the λ-slab with a strong pump pulse, whereby the cavity resonance changes rapidly within τ on , and relaxes back to its original state within τ off .
Previously, nonlinear effects observed by Refs. [7, 8] were obtained during the notoriously uncontrollable rapid up-change time of the cavity resonance, as τ on depends on material parameters. Therefore, many efforts are devoted to decreasing the timescale of τ off [10, 11, 18, 19] . Here, we show how the relaxation time can quite easily approach the storage time of the cavity, and show how this can be explained in terms of the basic Fabry-Pérot cavity. Nonlinear effects for optimized planar microcavity samples are expected during τ off .
Switching of planar microcavities is thus expected to be a step towards achieving nonlinear pulse phenomena.
II. EXPERIMENTAL SETUP
Our sample is a planar microcavity consisting of a GaAs λ-slab sandwiched between two Bragg mirrors, which was also studied earlier [9] . The sample is schematically shown in Fig.   1(b) . The slab has a thickness of 275.1 ± 0.1 nm, and the Bragg mirrors consist of 12 and 16 pairs of λ/4 thick layers of nominally pure GaAs or AlAs. The sample gives rise to a cavity resonance at E cav = 1.2783 eV, well below the bandgap of GaAs (E g = 1.44 eV) to avoid intrinsic absorption at the cavity resonance. The sample is grown with molecular beam epitaxy at 550 • C to optimize the optical quality, but no effort was put into reducing the recombination time. A slight variation of a few % in stopgap and cavity resonance over the sample allowed us to verify the experimental observations for different resonance frequencies.
We performed two separate studies which yielded consistent results. For experiments outside the present scope the sample was doped with 10 10 cm −2 InGaAs/GaAs quantum dots, which hardly influence our experiment [20] . The experiments were conducted at room temperature.
Continuous-wave (cw) reflectivity was measured with a broad band white light setup with a spectral resolution of ∼ 0.25 meV.
Our switching setup consists of two optical parametric amplifiers (OPA, Topas), that are the sources of the pump and probe beams [21] . The frequency of both OPAs are computer controlled and have a continuously tunable output frequency between 0.44 and 2.4 eV. The repetition rate is f rep = 1 kHz. In order to verify that the cavity was not degrading due to heating effects, we simultaneously measured both switched and unswitched spectra by using a chopper. This averaging caused the effective pump or probe rate to be f rep /2 = 500 Hz.
The alignment and synchronization of the pulses to the chopper was chosen so as to overlap only every second pump pulse with a probe pulse, so that the effective pump rate was f rep /4 [22] . The pulse duration is τ P = 140 ± 10 fs (measured at E Pump = 0.95 eV) [23] , and the spectral width is ∆E/E 0 = 1.33%. A 40 cm long delay stage controls the probe delay with a time resolution of ∆t = 10 fs. The pump beam has a much larger Gaussian focus of 113 µm FWHM than the probe beam (28 µm), ensuring that only the central flat part of the pump focus is probed. The probe fluence of I Probe = 1 ± 0.3 mJcm −2 is kept well below the pump fluence of I Pump = 30 ± 3 mJcm −2 to prevent inadvertent pumping by the probe pulses. These high pump fluences, which shift the cavity resonance by several linewidths, facilitate the analysis of the dynamic behavior. Free carriers are excited in the GaAs by two-photon absorption at E pump = 0.73 eV to obtain a spatially homogeneous distribution of carriers [24] .
In order to resolve the dynamic lineshape of the microcavity, the reflected probe light was analyzed with a spectrometer. This spectrometer consists of a PI/Acton SP-2558 spectrograph, using a 1024 channel InGaAs detector (OMA-V), yielding a resolution of 0.12 meV at 1.24 eV, much higher than the unswitched cavity linewidth of ∆ 0 = 1.03 meV. To average over pulse-to-pulse variations of the OPAs, the spectrograph was operated in free-running mode for a duration of 1 s, acquiring 500 probe pulses, of which which half of them are incident together with a pump pulse. Fig. 2 (a) shows a white light reflectivity spectrum of the planar photonic microcavity at normal incidence. The high peak between 1.193 and 1.376 eV is due to the stopgap of the Bragg stacks. The stopband has a broad width of 0.183 eV (14.3% relative bandwidth), which confirms the high photonic strength. Near 1.279 eV we observe a sharp resonance caused by the λ-slab in the structure. This resonance has a width of 1.7 meV that is limited by wavevector spreading caused by the finite numerical aperture of 0.12. A transfer matrix (TM) calculation was performed for the reflectivity. In the calculation, we included the dispersion and absorption of GaAs [25] and AlAs [26] . We made use of the large probe bandwidth compared to the cavity linewidth to spectrally resolve the microcavity with the spectrometer (Fig. 2(b) ): The spectral width of the cavity at the resonance E cav = 1.2783 eV is ∆ 0 = 1.03 meV, and corresponds to an unswitched quality factor of Q 0 = 1242 and thus a photon storage time of τ ph = 640 fs. This larger quality factor with respect to the cw measurement is attributed to the reduced wavevector spreading due to the lower numerical aperture (NA = 0.02) which is confirmed by the higher modulation depth. The large probe bandwidth in combination with the high spectral resolution allows us to probe not only the cavity resonance as in [9] but also the lineshape, even when the cavity resonance has shifted by several linewidths.
III. LINEAR REFLECTIVITY

IV. RESULTS AND DISCUSSIONS
We dynamically probe the excited cavity by time-and frequency resolved pump-probe reflectivity. Figure 3(a) shows the transient reflectivity spectrum as a function of probe delay.
The unswitched cavity resonance is clearly seen at 1.2783 eV. The width of the unswitched cavity resonance does not increase in the slightest, as shown by the half maxima. We therefore conclude that there are no permanent damage or heating effects to the sample. with the pulsed probe beam (τ P = 140 ± 10 fs, ∆ω P = 1.35%), and from a reference (squares).
In Fig. 3(a) , the second trough emerging at 1.2898 eV, at ∆t = 3 ps, is the switched cavity resonance. Up to probe delays ∆t = τ on = 3 ps, the cavity resonance shifts by as much as ∆E cav = 11.5 meV, or 11 cold cavity linewidths. This switching-on time is in good agreement to the thermalization time of free carriers in GaAs [27, 28] . Both the resonance energy and linewidth relax to their initial values within ∆t = 100 ps. Both the switched resonance's half maxima as well as their resonances are indicated. We observe that the dynamic resonance is not centered between the half maxima, but is located much closer to the red edge. The asymmetric shape of the line indicates that resonance is shifting appreciably during the dynamic photon storage time, an effect which we coin 'kinetic broadening'. Therefore, the broad width of ∆ = 6 meV at τ on is partially caused by this artificial kinetic effect. The real width is expected to be significantly lower.
We plot the transient reflectivity at both the unswitched and the switched cavity resonance in Fig. 3(b) . At the unswitched cavity resonance, the reflectivity increases from 10% at ∆t = −3 ps to just over 50% at ∆t = 3 ps. This corresponds to a modulation depth of 2(50% − 10%) = 80%, where the factor 2 corrects for averaging over switched and unswitched spectra. At the switched cavity resonance however, the modulation depth is 2(100% − 75%) = 50%. We can thus see that broadening and the concomitant decrease in reflectivity leads to a significantly reduced signal modulation depth.
Before we quantitatively describe the behavior of the modulation depth, we will focus on the dynamics of the cavity resonance. Figure 4(a) shows the time-resolved frequency shift of the cavity resonance, taken from Fig. 3(a) . Naively, one might assume that the behavior of the cavity resonance follows a single exponential decay [3, 9, 11, 15] . Interestingly, Fig.   4 (a) shows a fit of a TM model to the resonances assuming one single recombination time for both the λ-slab and the GaAs mirrors, but the agreement is only moderate. Permitting the recombination times in the λ-slab to differ from those in the GaAs mirrors, the fit is much better (details below): Because the resonant mode extends into the Bragg mirrors for a distance L B = 425 nm, the cavity resonance and the width will be a function of the dynamic refractive index in both the λ-slab and the Bragg mirrors. At pump incidence, the carrier density and thus the refractive index will be the same everywhere. At probe delays ∆t > τ on , however, the carriers in the thin λ/4 Bragg recombine more rapidly than in the thicker λ slab. Therefore, the time dependent refractive indices will differ, and will cause the resonance and width to behave as a double exponential. Returning to the analogy with the Fabry-Pérot model, we identify the λ-slab of the microcavity with the slab, while the Bragg mirrors are identified with the two mirrors. Because the Fabry-Pérot resonator is the template for all cavities, we conclude that our observation of two separate relaxing subsystems will be valid for all micro-and nanocavities which consist of topologically separated slab and mirrors.
V. MODEL AND INTERPRETATION
We will now quantitatively describe the relaxation of the cavity resonance. To a first order approximation, the change in dynamic cavity resonance is a linear function of the refractive index in the GaAs mirrors n gm and in the GaAs λ-slab n gc , which are weighted by field distribution coefficients a and b, respectively [29] . If the field distribution does not change significantly during the switch [30], we can write for the shift in cavity resonance:
Since the induced change in refractive index is proportional to the carrier density N 0 for sufficiently small N 0 , equation 1 can be written as
where a ′ and b ′ are field weighting factors in the mirrors and in the λ-slab, respectively. Here,
a ′′ e 2 2m * e ngǫ 0 ω 2 pr and similarly for b ′ , where m * e is the effective electron-hole mass in GaAs, n g the static refractive index of GaAs, ǫ 0 the static dielectric constant of GaAs, and ω pr the probe frequency in rad/s. Often, the time evolution of N gm (t) and N gc (t) are considered to be equal. Due to the different thicknesses, however, they are governed by different relaxation constants τ 1 and τ 2 . Therefore, the change in cavity resonance can be written as
Because of homogeneous carrier excitation via two-photon absorption [24] , the carrier density is initially constant. In the present experiment, non radiative recombination of free carriers at GaAs/GaAlAs interfaces is expected to be the dominant recombination process [31] . This enhanced recombination which takes place at the planar surfaces, combined with carrier diffusion, and topologically separated λ-slab and mirrors resulting in a discontinuous carrier density distribution, gives rise to the double exponential behavior. The different rates are thus identified with the different recombination rates in the GaAs mirrors and in the λ-slab, due to the different thicknesses. From the fit, using 100 iterations with the LevenbergMarquardt algorithm, and assuming N 0 = 2.58 × 10 25 m −3 (see below), we find τ 1 = 5.5 ± 1 ps and τ 2 = 44.8 ± 2 ps, while a ′ = 1.3 ± 0.1 × 10 −28 and b ′ = 3.2 ± 0.1 × 10 −28 eVm 3 .
From the relative sizes of a ′ and b ′ we observe that the field is primarily located in the λ-slab. To calculate the recombination times instead of the relaxation times, which also takes into account the small change in field distribution, it is necessary to fit a series of TM spectra to our measured data. Here, we fit the initial carrier density N 0 , and two recombination times τ gm and τ gc for the recombination times in the GaAs mirrors and the λ-slab, respectively. The fit gives N 0 = 2.58 ± 0.01 × 10 19 cm −3 , τ gm = 14.8 ± 0.5 ps and τ cav = 62.9 ± 1 ps, and is shown in Fig. 4(a) . The sum of the differences squared is 44.6, in contrast to 166.1 if we assumed that the dynamic carrier density is the same in the mirrors and the λ-slab (τ gc = τ gm = 38 ± 0.5 ps, dashed curve). Comparing τ gm and τ gc to τ 1 and τ 2 , respectively, we find that the former are considerably higher, which we attribute to the change in field distribution. Note that the ratio of fitted recombination times τ cav /τ gm is in excellent agreement with the ratio of layer thicknesses λ/(λ/4), confirming the notion of the double exponential decay, due to the dominant recombination at the planar GaAs/AlAs interfaces.
We emphasize that these two different recombination rates can significantly change the analysis of the dynamic field behavior in the cavity: even though an effective single exponential decay time can be orders of magnitude above the cavity dwell time, the composite shorter recombination times will give rise to significantly different field dynamics [6, 7] . To gain access to timescales comparable to τ ph , several groups made use of the fast upswitch time τ on ∼ 1 ps [6, 8] . Here, we probe for the first time during the relaxation, whose timescale is controllable, and still comparable to τ ph . The recombination rates in microcavities may further be increased controllably by growing samples with a larger number of recombination centers at the GaAs/AlAs interfaces [19] . Interestingly, Tanabe et al. deduced a non-single exponential cavity resonance relaxation of a 2-D hexapole cavity by rigorously solving the diffusion equation combined with surface recombination [32] . For their system, in which slab and the mirrors are topologically connected, the different relaxation rates are related to the carrier diffusion and the surface recombination rates, respectively.
In order to quantify the width (Fig. 4(b) ), which is crucial for understanding the behavior of the modulation depth, we calculate the dynamic width from the TM model using the carrier densities obtained previously. In addition to the time-dependent broadening by the free carriers, we include three additional broadening mechanisms inherent to our experiment:
first, wavevector spreading because of the finite probe NA, and second, the spatially changing resonance at the focus waist. These two broadening mechanisms are static, and result in the calculated width approximately matching the measured width. Finally, we take into account kinetic broadening: the spectrometer measures all light exiting the shifting cavity.
The total width including kinetic broadening is given by
Using τ gm and τ gc obtained from the fit in Fig. 4(a) , and the relaxation parameters, we can calculate the dynamic width (Fig. 4(b) , solid line). At ∆t = 3 ps, the calculated width is only around half of the measured width. At larger probe delays ∆t > 20 ps, the calculation agrees excellently with the measurement. The disagreement at short probe delays might stem from the fact that the storage time τ ph (t) stays constant throughout the excitation and the subsequent relaxation. In that case, the kinetic contribution might be considerably larger. To elaborate this point, we plot the dynamic shift ratioed by the dynamic width, shown in Fig. 4(c) . At coincidence, the ratio is 2. It shows a maximum at ∆t = 35 ps, before relaxing to 0 at longer probe delays. The agreement of the calculation to the data is excellent for ∆t > 20 ps, but fails at short probe delays. We can exclude coherent transients and electron-electron thermalization due to the short times (in the order of ∼ 3 ps [28] and 100 fs [34] , respectively). Transient heating can be ruled out because heating would also influence the cavity resonance, which we find to agree excellently to our model without heating. However, assuming a constant τ ph (t) (Fig. 4(c) , dotted line), the agreement is excellent for both ∆t > 20 ps and ∆t < 20 ps, indicating that τ ph might indeed remain constant. We note that this surprising finding should be explored further, as this opens the possibility of switching with only limited degradation of the storage time.
In order to show by how much the modulation depth is affected by free carrier broadening, we plot in Fig. 5 the expected modulation depth at the switched cavity resonance at pumpprobe coincidence for different initial Q 0 . Here, the carrier density is kept constant at is included. The discrepancy indicates that the modulation depth is not well understood for short probe delays. For a carrier density an order of magnitude lower, the maximum is reached for Q 0 = 5000. For Q 0 > 5000, the sensitivity of the modulation depth on Q 0 is less pronounced. From the calculations we conclude that there is a maximum attainable modulation depth for every initial linewidth and carrier density.
VI. CONCLUSION
Using time-and frequency resolved pump-probe spectroscopy, we have experimentally demonstrated ultrafast switching of up to 11 linewidths within 3 ps of a microcavity using two-photon absorption. The dynamics of the cavity resonance is investigated in detail,
where we find a double exponential behavior, which is shown to result from the different recombination rates in the λ-slab and the Bragg mirrors. We suggest that all photonic crystal cavities are subject to at least two different relaxation times, a fact which has not been measured previously. Our observed distribution of recombination times is predicted to strongly modify the field dynamics with respect to a single-exponential decay. In particular, the regime for which the timescale of relaxation of the cavity resonance is comparable to the photon dwell time becomes accessible experimentally. From the behavior of the resonance, the time-resolved width can be deduced. We discuss broadening effects due to wavevector spreading, spatially varying resonances on the sample, and kinetic broadening. Surprisingly, the calculations, which assume a constant storage time τ ph during the excitation and subsequent relaxation of the cavity resonance agree best to the data, a fact which has not been appreciated previously. The broadening mechanisms are shown to contribute to the final width at all probe delays. Finally, we discuss the effect of these broadening mechanisms on the modulation depth. From a calculation we are able to infer an optimum value of Q 0 for a given carrier density and a required modulation depth.
